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This  work  is  a  further  investigation  of  increases  in  violet  and  UV  fluorescence  in  various 
flowing  nitrogen  afterglows,  when  oxygen  discharged  in  a  microwave  (/t— w)  cavity  is 
added  to  active  nitrogen  and  oxygen  mixtures  downstream  of  the  /r-w  discharge  zones  of 
nitrogen  and  oxygen.  The  present  N2  second  positive  band  system  (pbs)  fluorescence  (i.e. 
N2(C3//u,  i/->B3//j,,i)")+hv)  increases  also  occur,  when  an  orange  flame  (previously  reported) 
is  visually  observed  in  nitrogen  afterglows  of  active  nitrogen  and  oxygen,  by  adding  /r— w 
discharged  02.  The  orange  flame  is  reported  to  result  from  a  collisional  energy  transfer 
between  excited  molecular  oxygen  and  molecular  nitrogen  species.  (Nitrogen  was  activated 
by  two  ways:  (i)  with  or  without  argon  in  a  p-w  discharge  cavity  and  (ii)  by  reacting 
gaseous  nitrogen  with  metastable  argon,  Ar(3P0,2),  generated  in  p-w  discharged  Ar.)  The 
present,  as  well  as  previous,  results  indicate  that  the  well-known  metastable  energy  donor, 
N2(A32'„ ),  is  also  an  efficient  energy  acceptor  from  non-nitrogen  species,  namely  from 
excited  02,  most  probably  02(a'/1g).  In  addition,  by  analyzing  experimental  results  using 
two  different  conventional  chemical  kinetics  approximations,  a  lower  limit  estimate 
(~1  xlO-10  molecule-1  cm3  s-1)  is  deduced  of  the  pseudo-unimolecular  chemical  reaction 
rate  constant,  k^,  for  the  energy  transfer  between  02(a1dg),  as  the  energy  donor,  and 
N2(A32^),  as  the  energy  acceptor.  Further,  enhanced  intensities  of  background  N2  first 
negative  band  system  (nbs)  emissions  (i.e.  N2(B2.£u  ->X2Zg)  +  hv)  are  observed  along 
with  enhanced  background  N2  second  pbs  emissions  intensities  caused  by  discharged 
oxygen,  near  a  nitrogen  pink  afterglow.  The  energy  transfer,  responsible  for  the  enhanced 
N2  first  and  second  pbs  emissions  intensities  and  N2  first  nbs  emissions  intensities,  may 
contribute  to  the  corresponding  upper  atmospheric  and  space  emissions,  in  particular  to 
the  various  visible  and  UV  short-lived  (lasting  a  few  to  ~  a  thousand  ms)  emissions 
discovered  since  1989,  termed  upper  atmospheric  “transient  luminous  events". 

©  2008  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Active  nitrogen  and  oxygen  is  a  research  field  extensively  studied,  the  studies  of  which  have  already  spanned  more  than 
100  years  [1-24],  Both,  N2  second  positive  band  system  (pbs)  emissions  (i.e.  N2(C3J7U  -+  B3ng )  +  hv)  and  Nj  first  negative 
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band  system  (nbs)  emissions  (i.e.  N2(B2Z+  ->  X2U+)  +  hv)  as  well  as  N2  first  pbs  emissions  (i.e.  N2(B377g  A3X+)  +  hv) 

have  been  observed  to  be  constituents  of  emissions  from  nitrogen  discharges,  plasmas  and  afterglows,  as  well  as  of 
atmospheric  emissions,  in  particular  of  the  various  visible  and  UV  short-lived  (lasting  a  few  ms  to  ~1  s)  upper  atmospheric 
and  space  emissions  —  from  colored  figures  of  various  shapes  —  discovered  since  1989,  termed  upper  atmospheric 
“transient  luminous  events”  [8,9]  and  distinguished  as  elves,  jets,  giant  jets,  and  sprites. 

A  large  variety  of  processes  of  chemically  reactive  and  non-reactive  energy  transfer  occur  in  the  abovementioned 
systems  of  active  nitrogen  with,  or  without,  oxygen  which  give  rise  to  formation  of  metastable  and  other  excited  species,  as 
well  as  ground  state  species.  Therefore,  firstly,  knowledge  of  species  involved  in  each  process  and,  secondly,  concentrations 
and  internal  state  distributions  of  reactants  and  products  are  required  for  a  microscopic  kinetic  analysis. 

In  addition  to  the  investigation  of  atmospheric  and  space  natural  processes  [7-9,21,22],  there  are  various  applications  of 
active  nitrogen  and  oxygen  which  include  environmental  pollution  control  [23-25],  material  treatment  [26,27],  discovery 
of  lasers  [19,28-30]  and  biological  decontamination  [31], 

Research  work  on  active  nitrogen  and  oxygen  with  a  metal  used  as  a  catalyst  in  the  late  1950s  led  to  the  discovery 
[32-36]  of  a  red  glow  by  mixing  nitrogen  atoms  and  discharged  oxygen  in  a  stream  that  was  passed  over  the  catalyst.  The 
red  glow  formed  as  a  result  of  enhancement  of  background  nitrogen  first  pbs  emissions  {i.e.  N2(B377g,  o'  ->•  A3Z+,  u")  +  hv} 
for  d'<9.  The  enhancement  was  initially  ascribed  to  formation  of  excited  NO  and  subsequently  to  N  atom  recombination 
assisted  by  O  atoms  on  the  catalyst  that  formed  N2(A3Z'„)  which,  in  turn,  collisionally  transformed  into  N2(B3/7g).  In  later 
work  the  red  glow  was  ascribed  [36]  to  probably  excited  02,  more  likely  02(a1dj)i  interacting  in  the  gas  phase  with 
N2(A32';|'),  or  another  precursor.  In  even  later  work  [37],  the  N2  species  responsible  for  the  red  glow  was  postulated  to  be 
N2(W3/Iu),  as  pointed  out  earlier[10],  in  favor  of  a  role  for  N2(W3du),  even  excluding  [10,13]  N2(A3Z+).  No  other  [32-37] 
emissions,  apart  from  N2  first  pbs  emissions  above  —580  nm,  were  reported  in  all  of  the  early  studies  [10,32-37]  on 
enhanced  emissions  from  mixtures  of  active  nitrogen  and  oxygen.  In  addition,  in  all  of  the  works  on  the  surface-catalyzed 
excitation  of  N2,  the  reported  red  glow  could  not  be  observed  unless  a  metal  (or  its  oxide)  and  discharged  oxygen  were 
added  [32-37]  to  the  active  nitrogen  stream  at  low  nitrogen  pressure. 

Recently,  the  appearance  of  a  bright  orange  flame  was  reported  [10-15]  while  mixing  active  nitrogen  and  active  oxygen 
gas  streams,  without  a  catalyst,  and  even  at  much  higher  N2  and  02  pressures  than  ever  before.  The  orange  flame  was  much 
more  intense  than  the  background  nitrogen  afterglow  emissions  prior  to  the  mixing  of  active  oxygen,  and  was  visible  to  the 
naked  eye  even  with  the  laboratory  lights  on.  It  consisted  [10-15]  of  visible  N2  first  pbs  emissions,  even  for  i/>9 
(accompanied  by  IR  and  UV  emissions),  and  was  ascribed  to  collisional  intersystem  crossing  into  the  N2(B3J7g)  state 
because  of  interaction  between  excited  N2  and  02  species  (the  N2(A3X„)  state  exclusion,  in  favor  of  the  N2(  W3/Iu)  state,  was 
not  supported  by  the  findings,  as  pointed  out  [10, 14]).  The  term  intersystem  crossing  was  used  not  in  the  strict  sense  of 
singlet-triplet  crossing,  but  in  the  looser  more  general  sense  of  a  transition  even  between  states  of  the  same  (spin) 
multiplicity,  however  of  different  symmetry,  used  in  previous  work  [38], 

This  work  deals  with  additional  enhancement  [15,39]  of  violet-UV  background  nitrogen  fluorescence,  when  discharged 
oxygen  is  added  to  a  stream  of  active  nitrogen  and  oxygen.  The  enhanced  violet-UV  background  nitrogen  fluorescence 
appears  to  result  from  several  transitions  from  N2(C3/7U,  o'  =  0-4),  which  are  part  of  the  second  pbs  emissions  of  molecular 
nitrogen,  N2(C3J7„,  (/) ->  N2(B3f7g,  o")  +  hv.  For  the  sake  of  complete  coverage  of  this  topic,  there  is  an  old  report  on 
enhancement  of  N2  second  pbs  emissions  intensities  “over  copper  in  an  N-  and  O-atom  stream”  in  the  abstract  of  Ref.  [34] 
(also  cited  by  an  anonymous  referee).  Nevertheless,  this  surface-catalyzed  enhancement  of  N2  second  pbs  emissions 
intensities  in  a  stream  of  active  nitrogen  and  oxygen  must  be  due  to  a  misprint  as  to  the  presence  of  oxygen,  because  in  the 
text  of  Refs.  [33,34]  and  in  Ref.  [35]  the  surface-catalyzed  N2  second  pbs  emissions  intensities  enhancement  is  reported  to 
have  been  observed  “in  a  stream  of  N-atoms  alone”  and  “in  active  nitrogen”,  respectively.  Therefore,  the  reported  surface- 
catalyzed  enhancement  of  N2  second  pbs  emissions  intensities  refers  to  active  nitrogen  without  discharged  oxygen, 
actually  in  the  absence  of  oxygen  entirely.  There  is  no  report  by  other  authors,  to  this  author’s  knowledge,  in  the  literature 
of  active  nitrogen  and  oxygen  regarding  enhanced  N2  second  pbs  afterglow  emissions. 

Therefore,  there  is  a  need  to  establish  the  mechanism  of  the  observed  background  N2  second  pbs  emissions  intensities 
enhancements  in  a  flowing  afterglow  of  active  nitrogen  and  active  oxygen.  The  mechanism  of  N2  band  system  emissions 
intensities  enhancements  may  be  useful  in  the  interpretation  of  other  phenomena  as  well,  e.g.,  of  the  recently  discovered 
various  transient  luminous  events.  The  purpose  of  this  work  is:  (i)  to  report  further  investigations  of  the  effect  of  activated 
oxygen  on  nitrogen  afterglow  emissions  that  resulted  in  the  observed  violet-UV  fluorescence  intensities  enhancements,  in 
addition  to  the  already  reported  orange  flame  [15];  and  (ii)  to  interpret  the  observed  enhancements,  in  order  to  contribute 
to  the  establishment  of  the  energy  transfer  mechanism  that  brings  them  about,  within  the  (limited)  possibilities  of  the 
available  experimental  apparatus. 


2.  Experimental  section 

Experiments  have  been  done  to  further  investigate  the  effect  of  active  oxygen  on  background  N2  second  pbs  emissions 
intensities,  N2(C3J7u,u')-»N2(B3J7  u")+hv,  in  this  work.  The  experimental  apparatus  consisted  of  a  usual  cylindrical  flow 
reactor  system.  Pyrex  (with,  or  without  a  quartz  window)  or  Vycor  flow  tubes  (of  3.4  and  4.8  cm  i.d.)  were  used.  Gaseous  N2 
and  02  were  usually  flowed  into  a  Pyrex  flow  tube  of  4.8  cm  i.  d.  through  two  separate  side-arms,  where  two  2450  MHz 
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Fig.  1.  A  scheme  of  the  apparatus. 


microwave  (p-w)  discharges  could  produce  active  nitrogen  and  oxygen  respectively.  However,  some  experiments  were 
carried  out  with  p-w  discharged  mixtures  of  gaseous  N2  and  Ar,  or  with  mixtures  of  pure  gaseous  N2  reacted  with  fi-w 
discharged  Ar.  For  all  conditions  the  distance  of  the  injection  point  from  the  p-w  discharge  in  the  side-arm  was  constant. 
The  enhancement  of  N2  second  pbs  emissions  was  observed  with  and  without  cold  traps  for  N2  and  02.  Observations  were 
made  normal  to  the  flow  tube  with  Ebert-Fastie  and  Czerny-Turner  type  spectrometers,  a  liquid  N2  cooled  Ge  photodiode 
detector  mounted  upon  a  trolley  movable  parallel  to  the  flow  tube,  photomultipliers  with  S-20,  S-5  and  605  s 
photocathodes  and  interference  and  color  glass  filters.  The  photomultipliers  were  used  as  detectors  for  the  spectrometers. 
The  Ge  detector  was  coupled  to  a  lock-in  amplifier.  The  Ge  photodiode  was  used  with  a  narrow  band  interference  filter 
(with  a  width  at  half  maximum  of  —2  nm  around  1.27  pm)  for  the  detection  of  the  1.267  pm  emissions  from  0 2(ot1zl )  in 
mixtures  of  nitrogen  and  discharged  oxygen.  There  is  no  other  oxygen  emission  in  the  transmission  range  of  this  filter.  In 
preliminary  experiments  the  Ge  photodiode  was  used  as  the  detector  for  a  spectrometer  with  wide  slits  ( >  700  pm),  in 
order  to  measure  the  1.267  pm  02(a1zl  )  emissions  from  discharged  oxygen  alone.  Gratings  blazed  in  the  first  order  at 
600  nm  and  1  pm  were  used.  The  spectra  were  recorded  on  chart  recorders.  The  spectra  in  the  figures  are  reproductions  of 
the  chart  recordings.  All  of  the  reported  spectra  were  taken  in  the  mixing  region  of  the  active  nitrogen  stream  with  the 
oxygen  stream.  The  area  monitored  in  the  mixing  region  corresponds  to  about  a  few  ms  in  reaction  (contact)  time  for  low 
pressures,  up  to  a  few  tens  of  ms  for  the  higher  pressures  (above  10  mbar)  used  in  the  reported  experiments.  The  distance 
between  the  p-w  discharges  and  the  observation  port  was  constant.  The  flow  time  for  discharged  nitrogen  to  the  mixing 
region  was  estimated  to  be  about  a  few  tens  of  ms  for  low  pressures,  and  a  few  hundreds  of  ms  for  the  higher  pressures 
(above  10  mbar)  used.  The  spectral  resolution  of  all  reported  spectra  is  -0.3  nm,  with  the  exception  of  those  in  Figs.  4  and  5, 
the  resolution  of  which  is  -1.0  nm.  Gas  flows  in  the  range  of  3-10  bar  cm3  s_1  were  used.  Fig.  1  shows  a  scheme  of  the 
apparatus.  A  longer  description  of  the  apparatus  together  with  work  on  the  enhancement  of  background  nitrogen 
fluorescence  that  belongs  to  the  first  pbs  emissions  of  N2  appeared  [10,14]  recently.  Special  measures  (e.  g.,  use  of  light 
traps;  use  of  black  paint  and/or  of  black  cloths  to  blacken  and/or  cover  parts  of  the  flow  reactor,  in  order  to  prevent  stray 
light  from  reaching  the  observation  port.)  were  taken  as  in  previous  work  [10-15]  and  attention  was  paid  to  ascertain  that 
no  scattered  light  from  the  p-w  discharges  and  external  light  sources  entered  the  spectrometer  used. 


3.  Results 

Enhancement  of  excited  N2  background  afterglow  emissions  intensities  was  observed  spectroscopically  in  a  nitrogen 
afterglow  of  active  nitrogen  and  active  oxygen  mixtures,  downstream  of  two  separate  microwave  discharge  zones  —  for 
nitrogen,  and  for  oxygen  —  in  a  flow  reactor,  in  the  violet  and  the  near-UV  region  of  the  spectrum,  in  addition  to  the  visible 
and  infrared  N2  first  pbs  emissions  previously  reported  [10-14],  when  the  oxygen  p-w  discharge  was  excited.  Most  of  these 
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observed  enhanced  emissions  intensities  were  identified  [15]  to  belong  to  the  N2  second  pbs  emissions  intensities, 
N2(C3J7u,u')->N2(B317g,D")+hv.  Some  of  the  bands  were  ascribed  to  Nj  first  nbs  emissions  [1-3,40],  NjfB2!^)  -s- 
Nj (X2Zg)  +  hv.  No  NO(B-X)  band  emissions  (NO  ji  emissions)  were  observed  under  the  present  experimental  setup,  in 
contrast  to  NO(B-X)  band  emissions  reported  under  a  different  experimental  setup  reported  in  Ref.  [10],  The  N2  second  pbs 
emissions  intensities  enhancement  reported  in  this  work  concerns  background  N2  second  pbs  emissions  intensities  in 
systems  of  nitrogen  afterglows  of  activated  nitrogen  and  undischarged  oxygen  mixtures:  The  background  afterglow  N2 
second  pbs  emissions  intensities  increase  when  discharged  oxygen  is  added  to  systems  of  nitrogen  afterglows,  instead  of 
undischarged  oxygen.  The  emission  spectra  obtained  in  this  work  are  presented  in  the  following  Figs.  2-8.  The  vibrational 
state  quantum  numbers  associated  with  each  band  in  a  sequence  are  shown  over  each  band  with  the  N2(C377U)  vibrational 
level  quantum  number  of  each  band  shown  on  top  of  that  of  the  N2(B377g)  vibrational  level.  The  spectra  are  not  corrected 
for  grating  and  detector  non  uniform  spectral  response.  The  maximum  absolute  deviation  of  intensities  was  10%,  normally 
(when  no  great  discharge  instabilities  occurred). 

For  the  band  intensity  I  to  appear  in  a  second  pbs  o',  v"  emission  band,  N2(C3/7u,i/)^N2(B3/7g,!j")+fiv,  as  a  result  of 
enhancement,  it  was  neccessary  to  add  discharged  oxygen  into  a  nitrogen  afterglow  of  active  nitrogen  and  undischarged 
oxygen  in  the  flow  cylindrical  reactor.  Active  nitrogen  was  produced:  either  by  subjecting  N2,  with  or  without  Ar,  to  a 
discharge  excited  in  a  fi-w  cavity  in  a  side-arm  of  the  flow  reactor,  or  by  reacting  N2  in  the  flow  reactor  with  Ar  similarly 
ji-w  discharged  in  the  side-arm  [19,24,38,41-46],  The  (integrated)  band  intensity  I  is  proportional  to  the  (total)  enhanced 
population,  N,  of  the  emitting  vibronic  state  N2(C3/7u,i/),  after  the  background  N2  second  pbs  emissions  intensity 
enhancement  was  brought  about  by  p-w  discharged  oxygen.  The  (integrated)  band  intensity  Ia  is  the  background  N2 
second  pbs  emissions  band  intensity  observed  from  a  nitrogen  afterglow  in  the  presence  of  undischarged  oxygen  (with  the 
oxygen  p—w  discharge  turned  off).  /„  is  proportional  to  the  (total)  original  unenhanced  population,  Na,  of  the  emitting 
vibronic  state  N2(C3J7u,i)').  Therefore,  the  enhancement  A I  in  the  o',  o"  emission  band  (integrated)  intensity  is  I—I0,  and  the 
corresponding  enhancement  in  the  population,  AN,  of  the  emitting  vibronic  state  N2(C3J7u,i/)  is  N-N0.  An  average  relative 
population  enhancement  A N/N„  was  determined  by  calculating  the  average  value  of  the  ratio  of  the  emission  band 
(integrated)  intensities  f/lD  only  of  the  high  enhanced  and  unenhanced  emission  band  (integrated)  intensities  /,/_„»  and  IOV’, v 
for  all  available  o"  corresponding  to  each  o'. 


Au  — 4  Av  —  -3  Au  -  -2  Au  =  -1  Au  -  0 

3401  23401  234  012  0  Nj(C)  v 

7834  56723456  1  23  0  N2(B)  u 


a)  02  discharge  on 
scale  factor  0.3x10' 


b)  02  discharge  off 
scale  factor  0.3x1  O’® 


410  400  390  380  370  360  350  340  330 

- X,  nm 


Fig.  2.  The  N2(C3nu,v'  ->B3ng,v")  emission  spectra  with  and  without  microwave  discharged  02  show  band  emission  intensities  from  the  Au  =  u'-u"  =  0, 
Au  =  -1,  Au  =  -2,  Au  =  -3  and  Au  =  -4  band  sequences  of  the  N2  second  pbs  emissions.  The  indicated  bands  (0-2  and  0-1)  extend  off  scale.  Active 
nitrogen  was  generated  by  microwave  discharging  gaseous  nitrogen.  The  top  spectrum  shows  N2  second  pbs  emissions  intensity  enhancement.  The  scale 
factor  (here:  0.3  x  10  is  a  multiplier  also  used  in  the  rest  of  the  figures.  In  both  cases  (a  and  b)  Pn2  =  12.0  mbar  and  P02  —  0.7  mbar. 
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Fig.  3.  Relative  values  of  enhancement  of  the  population,  AN,  of  the  emitting  vibronic  state  N2(C317u,t>')  vs.  the  vibrational  quantum  number  of  the 
N2(C317„,u)  vibronic  state  for  u  =  0,1, 2,3, 4.  AN  =  N-N0.  Active  nitrogen  was  generated  by  microwave  discharging  gaseous  nitrogen.  PNj  =  10.7  mbar  and 
Poj  =  0.3  mbar. 


N2(C)  V'  34  0  1  2  34  01  0  1  2 

N2(B)v"«7  2  34  54  1  2  0  0  1 


Fig.  4.  The  N2(C317u,u'-.B377g,u")  emission  spectra,  with  and  without  microwave  discharged  02,  show  emission  band  intensities  from  various  band 
sequences  of  the  N2  second  pbs  emissions,  obtained  by  adding  microwave  discharged  02  (a,  top  spectrum,  with  a  scale  factor  of  1  x  10  8),  and 
undischarged  02  (b,  lower  spectrum,  with  a  scale  factor  of  0.3  x  10  a)  just  after  a  flowing  “pink”  nitrogen  afterglow  extending  visually  downstream  almost 
to  the  oxygen  inlet.  The  top  spectrum  shows  N2  second  pbs  emissions  intensity  enhancement.  In  both  cases  (a  and  b)  Pn2  =  14.9  mbar  and  Po2  =1.4  mbar. 


Emission  spectra  from  the  N2  second  pbs  emissions  intensities  reported  in  this  research  work  are  shown  in  Fig.  2  for 
active  nitrogen  with  both  (a)  ji-w  discharged  oxygen  and  (b)  undischarged  oxygen.  The  enhancement  of  N2  background 
emissions  intensities  is  evident  in  Fig.  2a.  Fig.  2a  includes  various  enhanced  emissions  associated  with  each  of  all  of  the  five 
vibrational  quantum  numbers  (o'  =  0-4)  of  the  emitting  N2(C377g,o')  vibronic  state.  The  enhanced  N2  second  pbs  emissions 
intensities  shown  in  Fig.  2  are  from  the  Ap=0  to  the  A u=  -4  band  sequences  (Au  =  o'— u"<0).  Relative  values  of 
population  enhancement  A N/N0  as  a  function  of  the  vibrational  quantum  number,  i/,  of  the  vibronic  state  N2(C3/7u,i/)  are 
shown  in  Fig.  3.  The  relative  values  of  enhancement  in  the  populations  of  the  various  emitting  N2(C377u,d)  vibronic  states 
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N2(C)  v'  3  4  0  1  2340  1  20  2  34  123 
N2(B)  v"  67234561230  234012 


Fig.  5.  The  spectra  show  N2(C377u,d'  ->B3ng,u")  emission  band  intensities  from  various  band  sequences  of  the  N2  second  pbs  emissions,  obtained  as  in  Fig. 
4.  The  top  spectrum  shows  N2  second  pbs  emissions  intensity  enhancement.  In  both  cases  (a  and  b)  PN2  =  24.7  mbar  and  P0j  =  1.2mbar. 


were  determined  from  the  corresponding  enhancement  in  the  experimental  N2  second  pbs  emissions,  N2(C3/7u,i/)^ 
N2(B3i7g,u")+Jiv,  (integrated)  band  intensities:  The  experimental  values  of  enhanced  and  unenhanced  N2  second  pbs 
emissions  (integrated)  band  intensities  (i.e.  integrated  over  the  entire  wavelength  range  of  an  emission  band),  as  a  function 
of  the  upper  state  vibrational  quantum  level  were  determined  from  the  integrated  band  intensities  experimentally 
obtained  by  adding  discharged  and  undischarged  oxygen  to  a  flowing  nitrogen  afterglow  just  after  a  flowing  “pink” 
nitrogen  afterglow  extending  visually  downstream  almost  to  the  oxygen  inlet.  The  relative  enhancement  of  the  N2  second 
pbs  emissions  intensities  and  of  the  corresponding  vibronic  state  populations  in  these  and  other  experiments  [39],  shown 
in  Fig.  3,  appears  rather  uniform  within  the  experimental  error. 

Additional  experiments  were  performed  in  the  present  work  at  various  total  pressures  and  compositions  of  nitrogen  and 
oxygen,  in  order  to  obtain  information  about  any  pressure  effects.  Fig.  4  shows  additional  enhanced  and  unenhanced 
N2(C317U)  ->  N2(B3ng)+hv  fluorescence  due  to  collisional  intermolecular  energy  transfer  induced  by  /i-w  discharged  02  at 
higher  pressures  of  nitrogen  and  oxygen  in  active  nitrogen  and  oxygen  mixtures,  when  discharged  oxygen  was  added  after 
the  visual  end  of  a  flowing  nitrogen  pink  afterglow  extending  visually  downstream  almost  to  the  oxygen  inlet  in  the 
cylindrical  flow  reactor  used.  Fig.  5  shows  additional  emission  spectra  from  the  N2  background  afterglow  second  pbs 
enhanced  and  unenhanced  emissions  at  even  higher  pressures  of  active  nitrogen  and  oxygen  reported  in  the  present 
research  work,  when  discharged  oxygen  was  added  just  after  the  visual  end  of  a  flowing  nitrogen  pink  afterglow,  just  as  in 
the  case  of  Fig.  4. 

It  should  be  noted  that  the  N2  first  nbs  0-0  band  emission  intensity  in  spectra  obtained  from  the  afterglow  of  active 
nitrogen  generated  by  ji-w  discharged  N2,  and  by  jt—w  discharged  mixtures  of  (Ar  and  N2)  is  enhanced  when  fi—w 
discharged  02  is  added  to  the  active  nitrogen  thus  formed.  In  a  preliminary  investigation  of  the  background  afterglow  N2 
second  pbs  emissions  of  active  nitrogen  generated  by  reacting  undischarged  N2  with  /i-w  discharged  Ar,  the  0-0  band  of 
the  Nj  first  nbs  emission,  N2  (B2X„)  N2(X2r+)  +  hv,  was  monitored  by  sitting  on  the  391.4  nm  peak.  Flowever,  the  N2 

first  nbs  0-0  band  emission  intensity  did  not  appear  to  increase  when  fi-w  discharged  02  was  added  to  the  active  nitrogen 
stream  in  the  flow  reactor.  It  is  interesting  to  note  the  dramatic  increase  in  intensity  of  an  emission  band  in  the  enhanced 
background  afterglow  emission  spectrum  in  the  upper  part  of  Fig.  5  (Fig.  5a).  This  dramatically  increased  emission  band  at 
the  higher  pressures  of  nitrogen  and  oxygen  in  the  active  nitrogen  and  oxygen  mixture  employed  in  Fig.  5  was  ascribed  to 
the  well-known  0-0  band  of  the  N2  first  nbs  emissions,  N2(B2X„  )  -s-  (X2Z^),  at  391.4  nm,  also  mentioned  in  the 
introduction.  A  common  feature  of  the  spectrum  both  of  Fig.  6  (and  of  Fig.  5)  and  of  Fig.  7  is  the  appearance  of  the  0-0 
emission  band  of  the  N2  first  nbs.  In  addition,  the  strong  emissions  at  —404.4  nm  and  —407.6  nm  appearing  in  Fig.  7  are 
tentatively  ascribed  to  excited  Ar+,  0+,  and  possibly  N  in  Discussion  section. 


270 


E.  Kamaratos  /  Journal  of  Quantitath 


Fig.  6.  An  emission  spectrum  showing  emissions  intensity  enhancements  of  variou 
B377g,u").  The  spectrum  was  obtained  by  adding  microwave  discharged  oxygen  to  a  flo\ 
discharging  a  mixture  of  Ar  and  N2,  with  a  scale  factor  of  1  x  10  8  (and  partly  0.4  x  11 


N2(C)u'  40  1  2  34  012  34  011 

N2(B)u"  8  3  4  5  67  234  56  121 


Fig.  7.  An  enhanced  intensity  emission  spectrum  showing  various  band  sequences  of 
spectrum  was  obtained  by  adding  discharged  oxygen  to  a  flowing  nitrogen  aftergf 
discharged  Ar,  with  a  scale  factor  of  1  x  10~9.  The  *1  and  *2  emission  peaks  are  tentativ 
emission  peak  (at  -365.0  nm)  is  tentatively  ascribed  to  a  N J  first  negative  band  systf 
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N2(C)V'  4  1  2  3  4  0  1  2  01234  0  1  1  23 
N2(B)v"8  4567  234  12345  0  1  0  12 


Fig.  8.  An  unenhanced  emission  spectrum  showing  the  various  band  sequences  of  the  N2  second  pbs  emissions,  N2(C377u>D'->B37IK,t>").  The  unenhanced 
emission  spectrum  was  obtained  by  adding  undischarged  oxygen  to  a  flowing  nitrogen  afterglow  of  active  nitrogen  produced  by  reacting  N2  with 
microwave  discharged  Ar,  with  a  scale  factor  of  1  x  10  9.  The  *1  and  *2  emission  peaks  are  tentatively  ascribed  to  emissions  of  excited  At'  ,  0\  and  possibly 
N.  The  *3  emission  peak  (at  ~365.0nm)  is  tentatively  ascribed  to  a  Nj  first  negative  band  system  emission.  PNj  =2.0mbar,  PAr=  1.4mbar  and 
Po2  =  0.3  mbar.  The  spectrum  was  recorded  at  a  higher  scanning  rate  than  that  in  Fig.  7,  that  shows  N2  second  pbs  emissions  intensity  enhancements. 


Some  experiments  were  also  performed  with  active  nitrogen  produced  in  p-w  discharged  mixtures  of  Ar  with  N2.  Fig.  6 
shows  additional  enhanced  N2(C3J7U)  ->  N2(B3/7g)  +  hv  fluorescence  due  to  collisional  intermolecular  energy  transfer 
induced  by  discharged  02  at  much  lower  pressures  of  nitrogen,  argon  and  oxygen  in  active  nitrogen  and  oxygen.  In 
preliminary  experiments  with  gaseous  mixtures  of  p-w  discharged  Ar  and  undischarged  N2i  enhancements  of  N2  second 
pbs  emissions  intensities  were  observed  by  adding  p-w  discharged  02.  Figs.  7  and  8  show  additional  enhanced  and 
unenhanced,  respectively,  N2(C317U)  ->  N2(B317g)  +  hv  fluorescence  due  to  collisional  intermolecular  energy  transfer 
induced  by  / i—w  discharged  02  at  lower  total  pressure  of  nitrogen,  argon,  and  oxygen  compared  with  the  total  pressures  of 
Figs.  2-5.  In  the  case  of  Figs.  7  and  8,  active  nitrogen  was  generated  by  reacting  gaseous  nitrogen  with  discharged  gaseous 
argon  [19,24,38,41-46], 

Experiments  were  performed  to  explore  the  nature  of  the  oxygen  species  responsible  for  the  enhanced  emissions  from 
the  N2(C317g,  o')  vibronic  state:  The  oxygen  flow  was  passed  through  a  p-w  discharge  and  subsequently  through  a  tube 
covered  internally  with  a  ring  of  mercuric  oxide  film  for  O  atom  removal  [46a,b],  before  it  entered  the  flow  tube  with  a 
nitrogen  afterglow  from  nitrogen  discharged  in  a  p-w  discharge.  However,  the  N2  second  pbs  emissions  intensities 
appeared  both  with  and  without  the  ring  of  mercuric  oxide  film  on  the  tube  internal  wall.  When  active  oxygen  was  passed 
through  glass  wool  for  the  vibrational  relaxation  of  oxygen  before  its  entering  the  flow  reactor  with  the  active  nitrogen, 
enhancement  of  background  N2  afterglow  emissions  was  still  observed.  In  some  experiments,  the  emission  [47-51]  at 
1267  nm,  due  to  the  both  electron  spin-forbidden  and  angular  momentum-forbidden  (electric  dipole  moment-forbidden) 
radiative  near-lR  atmospheric  transition  02(a1dg)  ->•  02(X3Zg)  +  hv,  was  monitored  using  a  Ge  photodiode  detector 
[10,11,13,14,39].  The  1.267  pm  emission  was  observed  in  a  cylindrical  flow  reactor,  in  which  a  stream  of  p-w  discharged 
oxygen  was  mixed  with  pure  (undischarged)  N2.  However,  when  the  second  p-w  discharge  in  the  nitrogen  side-arm  was 
also  ignited,  then  the  1.267  pm  emission  signal,  from  the  stream  of  the  mixture  of  separately  p-w  discharged  oxygen  and 
nitrogen  flowing  in  the  flow  reactor,  was  decreased.  The  decrease  in  the  1.267  pm  emission  signal  so  obtained  indicates 
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decay  of  the  02(oc *Ag)  concentration  as  a  result  of  interaction  of  02(ot1Ag)  with  species  present  in  the  /i-w  discharged 
nitrogen  that  was  mixed  in  the  flow  reactor  with  fi-w  discharged  oxygen.  As  in  the  intensities  enhancement  of  the 
background  N2  first  pbs  emissions  [10-15],  the  intensities  enhancement  of  the  background  N2  second  pbs  emissions  also 
appears  to  take  place  by  collisions  between  electronically  excited  02,  represented  hereafter  as  02,  and  some  nitrogen 
species. 


4.  Discussion-interpretation 

The  present  experiments  show  no  0  atom  involvement  in  the  N2  second  pbs  emissions  intensities  enhancement  and 
support  the  evidence  reported  in  previous  works  [10-15]  that  ascribed  the  observed  [10]  enhancement  of  N2  first  pbs 
background  emissions  intensities  to  a  process  similar  to  collisional  molecular  intersystem  excitation  energy  transfer  to 
N2(B377g).  The  evidence  in  this,  and  in  previous  works  [10-15]  indicates  that  the  most  likely  oxygen  species  responsible  for 
the  phenomenon  of  the  intensities  enhancement  of  the  background  N2  first  and  second  pbs  emissions  is  the  (metastable) 
first  electronically  excited  state  [46a-51]  of  02,  0 2(a1dg).  The  main  additional  reasons  for  the  assignment  of  the  energy 
donor  role  to  02(a1dg),  in  order  that  the  background  N2  first  and  second  pbs  emissions  intensities  enhancement  occur,  are: 
(i)  its  higher  lifetime  (many  minutes  vs.  seconds),  (ii)  its  higher  concentration,  and  (iii)  its  lower  quenching  rate  compared 
to  other  electronically  excited  02  species  like,  e.g.,  02([t' Zg)  or  another  02  species,  just  as  in  the  case  of  the  intensities 
enhancement  of  the  background  N2  first  pbs  emissions  [10-14],  Previous  research  on  the  intensities  enhancement  of  the 
background  N2  first  pbs  afterglow  emissions  [10-14]  and  on  the  chemical  reaction  [48,52-54]  {02(a'/lg)+N}  indicates  that 
02(a1dg)  is  quenched  by  atomic  nitrogen  very  slowly,  if  it  is  at  all  quenched  by  N  because  of  the  collisional  energy  transfer 
involving  02(a1dg)  and  leading  to  the  enhanced  N2  first  pbs  emissions  which  form  the  reported  orange  flame  [10-14], 

It  is  inferred  which  02(a1dg)  in  a  nitrogen  afterglow  is  also  quenched  by  N2(X1Z'g ,  u)  very  slowly,  if  at  all  by  N2(X'  Xj,  u), 
because  of  the  following  reasons:  (i)  the  reported  low  concentration  of  N  atoms  in  a  nitrogen  afterglow  (~0.1  —  1  %) 
[16a, 20, 52-55]  and  (ii)  the  very  much  higher  (even  by  tens  of  times)  concentration  of  vibrationally  excited  nitrogen 
N2(X1Xg ,  u)  in  a  nitrogen  afterglow  [56-58],  As  it  will  be  explicitly  shown  below,  for  the  same  extent  of  quenching  in  a 
unimolecular,  or  pseudo-unimolecular  quenching  reaction,  the  higher  the  concentration  of  the  quencher,  the  lower  the 
value  of  the  quenching  rate  coefficient.  Therefore,  if  it  is  taken  into  account  that  for  a  given  02(a1/lg)  decay  in  a  nitrogen 
afterglow:  (i)  there  is  a  low  quenching  rate  coefficient,  because  of  the  low  quenching  rate  by  N  atoms,  if  the  02(<xtAg)  decay 
is  assigned  to  reaction  with  N  atoms,  as  mentioned  above;  and  (ii)  consequently,  there  is  an  even  lower  quenching  rate 
coefficient  by  N^X'Xg ,  n)  molecules,  if  the  02(a iAg)  decay  is  assigned  to  reaction  with  N2(X'  X+,  u),  because  of  their  higher 
concentration,  at  least  for  the  low-valued  u  (below  v  =  30)  [58],  it  is  reasonable  to  draw  the  following  conclusion: 

N  atoms  and  N2(X*  Xj,  o)  do  not  participate  with  02(<x1dg),  at  least  directly,  in  the  collisional  energy  transfer  leading  to 
the  intensity  enhancement  of  the  N2  background  afterglow  emissions  belonging  both  to  the  first  and  to  the  second  pbs 
emissions.  Indirectly  (that  is,  e.g.,  after  recombination  by  N  atoms  to  form  some  electronically  excited  N2  species, 
represented  hereafter  as  N2,  or  after  reaction  of  N2(X'X+,  o)  leading  to  another  N2  species),  of  course  it  may  be  possible  for 
enhancement  both  of  the  first  and  of  the  second  pbs  emissions  intensities  to  occur  by  collisions  with  02(a1dg). 

Formation  of  N2(C377U)  in  a  nitrogen  afterglow  could  already  in  the  late  1960s  be  explained  [44,59]  by  the  energy 
pooling  chemical  reaction  of  the  electronically  excited  metastable  N2(A3X„)  molecules 

n2(a3x+)  +  n2(a3x+)  n2(c3jtu)  +  n2(x'x+).  (i) 

The  chemical  reaction  represented  by  Eq.  (1)  is  the  second  example  of  an  energy  pooling  reaction  of  a  metastable  molecule 
in  the  gas  phase  after  that  of  the  first  electronically  excited  state  of  oxygen,  the  metastable  molecule  02(a'/lg),  that 
generates  the  well-known  red  dimol  emission  at  -633.4  and  at  -703.2  nm  for  the  0, 0-0,0  and  0, 0-0,1  202(a'/lg)  emissions 
[47,48,50],  respectively. 

The  quadratic  dependence  of  N2(C3,I7u)->N2(B3J7g)+hv  emissions  intensity  on  the  N2(A3X„)  ->■  N2(X' Xg)  +  hv  emissions 
(N2  Vegard-Kaplan  emissions)  intensity  was  experimentally  shown  [44,59],  and  the  overall  chemical  reaction  rate 
coefficient  for  the  pooling  reaction  in  Eq.  (1)  was  measured  [44],  Later  an  almost  10  times  higher  value  was  determined 
both  of  the  overall  chemical  reaction  rate  constant  [60,61]  for  the  pooling  reaction  in  Eq.  (1)  and  of  the  state  specific 
chemical  reaction  rate  constants  [62]  for  the  pooling  reaction  in  Eq.  (1).  In  the  region  of  the  nitrogen  discharge  the  nitrogen 
excitation  by  electrons  accelerated  by  the  electromagnetic  field  of  the  incident  microwaves  is  the  prevalent  process  for 
N2(C317U)  formation  directly  and,  indirectly,  by  the  collisional  decay  into  the  N2(C377U)  state  of  higher  metastable  nitrogen 
energy  states  formed.  In  contrast  to  the  discharge  region,  in  the  postdischarge  region  of  the  nitrogen  afterglow  the 
prevalent  process  for  N2(C377U)  formation  is  the  energy  pooling  chemical  reaction  in  Eq.  (1),  while  the  population  decay 
(and  cascading)  of  nitrogen  higher  energy  states,  formed  by  electron  impact,  into  the  N2(C3i7u)  state  may  make  a  minor 
contribution  at  most:  e.g.,  the  population  decay  of  the  metastable  N2(E3Xj)  state  and,  especially,  of  the  metastable 
N2(a'  state  [6]  with  a  longer  lifetime  than  those  of  the  N2(E3X+)  and  N2(w'du)  states.  In  addition,  the  N2(a'  'X„)  and 
N2(w'/Iu)  states  present  [6]  gateway-coupling  with  the  N2(C3J7U)  state,  that  results  in  N2  second  pbs  emissions  from  a 
single  characteristic  vibrational-rotational  level  by  collisions  with,  e.g.,  N2.  The  emissions  from  each  vibronic  state  appear 
in  the  form  of  a  P,R  line  doublet.  The  emission  spectra  reported  in  Ref.  [6]  show  a  sharp  line  doublet  in  each  emission  band 
of  the  progression  from  the  N2(C3J7U,  i/  =  0 ,J)  state  coupled  to  the  N2(a' 1  X„)  state  [6]  and  from  the  N2(C3i7u,i/  =  1,  J)  state 


E.  Kamaratos  /  Journal  of  Quantitative  Spectroscopy  &  Radiative  Transfer  110  (2009)  264-283 


273 


coupled  to  the  N2(w1/Iu)  state.  The  distance  between  the  two  spectral  lines  in  a  line  doublet  in  Fig.  2,  in  Ref.  [6],  is  visually 
determined  to  be  — 1  nm.  The  width  of  the  line  doublet  is  accurately  determined  to  be  slightly  higher  than  1.0  nm  by  using 
the  spectral  data  in  Table  1.  in  Ref.  [6],  for  the  reported  N2{C3IIu,o'  =  0J  =  14)  coupling  with  the  N2(a'  ]X~,  u'  =16 J  =  14) 
state  [6],  However,  there  is  no  spike  emission  with  a  sharp  line  doublet  in  the  second  pbs  emissions  spectra  in  Figs.  2  and 
6-8,  although  their  spectral  resolution  is  ~0.3  nm,  certainly  lower  enough  than  1  nm  —  i.e.  for  a  spectral  line  to  be  resolved 
into  two  lines  standing  —1  nm  apart.  (This  is  not  the  case  for  the  spectra  in  Figs.  4  and  5  recorded  with  a  resolution  of 
~1  nm.)  It  should  be  also  noted  that  almost  complete  absence  was  reported  [6]  of  gateway-induced  emissions  with  02  as 
the  collider,  ascribed  to  the  collisional  quenching  of  the  N2(a'  ’Z")  state  by  02. 

Therefore,  a  very  likely  candidate  to  interact  with  02{y'Ag)  for  the  phenomenon  of  enhancement  of  the  N2  background 
afterglow  first  and  second  pbs  emissions  to  occur  in  active  nitrogen  and  active  oxygen,  when  discharged  oxygen  is  added,  is 
the  first  electronically  excited  N2  state,  the  energy-rich  metastable  N2(/\3Z„ )  state,  in  agreement  with  previous  suggestions 
[12-15],  Of  course,  in  principle,  no  other  metastable  electronically  excited  N2  state  can  be  excluded  that  can  survive  for 
several  milliseconds  in  the  present  nitrogen  afterglow  and  has  appropriate  energy  to  form  the  N2(C3  TJU)  state,  like,  e.g.,  the 
N2(W3Au,t)  =  0)  state.  Nevertheless,  because  the  N2(B377g)  state  is  efficiently  quenched  by  [22,63-71]  N2  and  by  [69,71]  02 
and  because  the  coupled  N2  triplet  states  are  even  more  efficiently  mixed  [5,66,67,69-72]  collisionally,  the  N2(W3/1u,o  =  0) 
state  is  expected  to  be  quickly  quenched  —  albeit,  probably,  by  being  firstly  transformed  to  N2(B3i7g),  and  thus  cannot 
participate  in  the  reported  enhancements  of  afterglow  N2  first  and  second  pbs  background  emissions  intensities  by 
discharged  02.  In  addition,  the  quadratic  dependence  of  the  N2(C3/7U)  emissions  intensity  on  the  N2(7\3I'+)  emissions 
intensity,  shown  experimentally  [44,59,62]  since  the  1960s,  strongly  suggests  the  N2(A32iu)  involvement  [15,39]  in  the 
reported  enhanced  background  afterglow  N2  second  pbs  emissions  intensities. 

The  N2(A3Z„)  involvement  is  further  supported  by  the  intensity  enhancements  of  N2  background  afterglow  first  and 
second  pbs  emissions  observed  also  in  mixtures  of  almost  equimolar  parts  of  discharged  Ar  and  undischarged  N2,  which 
have  been  considered  a  “cleaner”  source  of  N2(A3Z^)  [19,24,38,41-44,62,72,73]  than  afterglow  systems  of  active  nitrogen 
generated  by  discharged  N2.  It  is  well-known  that  the  chemical  reaction  between  N2  and  metastable  Ar,  Ar(3P0,2),  transfers 
excitation  energy  to  N2(C377U),  which  fast  cascades  to  N2(A32'„ )  via  N2(B377g).  Fig.  7  shows  such  enhanced  N2  background 
afterglow  second  pbs  emissions  intensities  The  higher  N2  second  pbs  emissions  intensities  in  Fig.  6  compared  to  those  in 
Fig.  7  may  be  due  to  the  higher  N2(A3Z+)  concentration  obtained  in  discharged  (Ar  and  N2)  than  in  N2  reacting  with 
discharged  Ar  reported  [13]  in  Ref.  [73],  Incidentally,  the  pressure  values  for  the  observed  N2  background  afterglow  first  pbs 
emissions  enhancements  reported  in  Figs.  7  and  8  in  Ref.  [14]  have  been  interchanged,  as  well  as  the  pressure  values  in 
Figs.  9  and  10  in  the  same  reference. 

The  N2  first  nbs  0-0  band  emission  along  with  other  N2  first  nbs  emissions  are  key  constituents  of  nitrogen  pink 
afterglow  emissions  [1-3,40,55,74-78],  of  nitrogen  —  discharge  emissions  and  air-discharge  emissions  and,  in  general,  of 
nitrogen  —  plasma  emissions  and  air  —  plasma  emissions  [1-3,55,79],  The  lack  of  enhancement  of  the  N2  first  nbs  0-0 
band  emission  intensity  in  the  afterglow  of  active  nitrogen  generated  by  N2  reacting  with  jt-w  discharged  Ar,  in  view  of  its 
enhancement  in  the  case  of  active  nitrogen  generated  by  /i-w  discharged  N2,  or  by  ji—w  discharged  mixtures  of  Ar  with  N2, 
indicates  absence  or  too  low  concentration  of  species  involved  in  the  energy  transfer  that  leads  to  the  N2  (B2X^ )  excitation. 
If  this  lack  of  enhancement  of  the  Nj  first  nbs  0-0  band  emission  intensity  is  a  general  property  of  active  nitrogen 
generated  by  N2  reacting  with  Ar  metastables,  Ar(3P0,2).  formed  in  jt-w  discharged  Ar,  then  it  might  contribute  to  the 
establishment  of  the  species  involved  in  the  chemical  reaction  mechanism  leading  to  the  nitrogen  pink  afterglow,  the 
mechanism  of  which  is  reported  [75-77]  to  remain  a  mystery  still.  In  any  event,  this  contrast  in  enhancement  of  the  N2  first 
nbs  0-0  band  emission  intensity  in  the  two  experiments  apparently  confirms  that  the  N2  first  nbs  emission  enhancement 
is  not  correlated  to  N2  background  afterglow  second  pbs  emissions. 

Other  differences  between  Figs.  6  and  7  are  the  strong  emissions  at  -404.4  nm  and  -407.6  nm  only  appearing  in  Fig.  7. 
They  are  tentatively  ascribed  to  excited  Ar+,  0+,  and  possibly  N  on  the  basis  of  experimental  spectral  lines  in  Refs.  [80-82], 
The  0+{4F(2s22p23d)-*-4D(2s22p23d)}  emission  spectral  lines  at  407.0, 407.2,  and  407.6  reported  in  Ref.  [80]  were  observed 
in  experimental  studies  of  collisional  quenching  of  the  electronic  fine  structure  sublevels  of  the  0+{4F(2s22p23d)}  excited 
state  (with  lifetimes  of  -7  ns)  produced  in  high  energy  electron  impact  studies  [80]  on  gaseous  02.  The  emission  peak  at 
-365.0  nm  looks  rather  like  a  (molecular)  band  emission,  possibly  due  to  a  N2  first  nbs  emission. 

In  the  aforesaid  preliminary  experiments  of  nitrogen  excitation  by  Ar  ji-w  discharged,  the  presence  of  the 
abovementioned  ionic  and  neutral  excited  species’  emissions  in  the  spectrum  of  Fig.  7  indicates  that  not  all  excited/ 
ionized  Ar  species,  generated  in  the  jt-w  discharge  used,  were  quenched/neutralized  by  nitrogen  in  the  nitrogen  stream 
before  reaching  the  observation  port. 

The  arguments  so  far  presented  in  favor  of  a  role  for  02(a14g)  and  N2(A3X+)  in  the  enhancement  of  the  N2(C3J7U) 
afterglow  background  emissions  suggest  the  transfer  of  energy  from  02(a1Ag)  to  N2(A3Z'J)  followed  by  the  energy  pooling 
chemical  reaction  in  Eq.  (1 )  at  an  accelerated  rate,  because  of  the  extra  internal  (vibrational-rotational)  excitation  energy  of 
N2(A32;+  t>)  transferred  by  02(a1  Ag),  as  Fig.  9  suggests.  Thus,  the  resulting  higher  rate  of  N2(C3/7U)  formation  by  the  energy 
pooling  reaction  of  extra  internally  excited  N2(A3X+, u)  and  the  subsequent  higher  rate  of  N2(C3/7u)^N2(B3/7g)+fiv 
emissions  may  account  for  this  enhancement  of  the  afterglow  background  N2  second  pbs  emissions  intensities  in  the 
afterglow  of  active  nitrogen  and  active  oxygen  mixtures: 

O2(0£3  Ag)  J-  N2(A32'/ .  u)  — >  02 (X3 X ^  ,  iX)  +  N2(A3 X/ ,  o'  >  0). 


(2) 
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Chemical  Reactions 

02(a  Ug)  +  N2(A  3eu+,  d’)  ->  N2(A  3£u+,  d>  v’)  +  02(X  3£g-,  d”) 
N2(A  3eu+,  d)  +  N2(A  3lu+,  da)  N2(C  3nu,  vc)  +  N2(X  1Xg+,  ox) 
N2(C  3nu,  nc)  ->  N2(B  3ng,  vB)  +  hv 


Arguments  in  favor  of  the  energy  transfer  reaction  (02(a12lg)  +  N2(A3X+ ,  u)}  were  recently  reported  [13],  The  collisional 
transfer  of  energy  from  02(a12lg)  to  N2(A3Z+,  o),  suggested  above,  can  also  account  for  the  bright  orange  flame  [10]  from  the 
enhancement  of  the  N2  first  pbs  background  emissions  seen  in  a  nitrogen  afterglow  of  active  nitrogen  and  oxygen  mixtures: 
the  transfer  of  energy  from  02(aldg)  to  N2(A32,„)  increases  its  internal  energy  content,  N2(A3X[[',t)),  in  accordance  with 
Eq.  (2).  N2(A3X+  tj)  subsequently  reacts  with  another  N2(A3I'+)  molecule  to  form  N2((B377g))  in  an  energy  pooling  chemical 
reaction  [67,83]  analogous  to  Eq.  (1), 

n2(a3i;+  o)  +  n2(a3i;+)  ->  n2(B3 ng,  o')  +  n2(x3 zp,  (3) 

or,  additionally,  reacts  with  a  vibrationally  excited  ground  state  N2  molecule,  N2(X1Xj,  u),  to  form  [17,69,83,84]  N2(B377g), 
N2(A3Z+,  u)  +  N2(X’X+, o')  -*  N2(B3J7g)  +  N2(X'  Z+).  (4) 

A  large  variety  of  atoms  and  molecules  including  the  ground  state  oxygen  molecule,  02(X3Xg ),  were  shown  to  convert 
N2(A3Zu ,  t/)  into  N2(B317g,u")  by  intersystem  collisional  energy  transfer,  when  N2(A3X+,  d)  molecules  in  a  beam  interacted 
with  selected  target  molecules  or  rare  gas  atoms  [4-6],  Therefore,  the  elementary  (one-step)  reaction  in  Eq.  (5) 
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cannot  be  excluded: 

02(<x1Ag)  +  N2(A3£+,  o)  -r  N2(B3J7g,  o")  +  02(X3Z~,  v).  (5) 

However,  the  chemical  reaction  in  Eq.  (5)  might  proceed  only  in  a  parallel  way  as  a  side  reaction  by  a  percentage 
undetermined  by  these  experiments,  but  certainly  not  too  large.  Otherwise,  no  increased  rate  of  formation  of  N2(C377g,i/) 
would  occur  from  the  pooling  reaction  in  Eq.  (1)  of  extra  internally  excited  N2(A3X+,d)  due  to  energy  transferred 
collisionally  by  02(a'/lg)  by  Eq.  (2),  and,  consequently,  no  enhanced  emissions  from  the  N2(C3J7g,t/)  vibronic  state  would  be 
observed. 

This  has  to  be  so,  because  for  each  N2(A3Z+,  o)  molecule  being  converted  into  a  N2(B3i7g,u")  molecule,  by  the  intersystem 
collisional  energy  transfer  in  Eq.  (5),  a  new  N2(A3Z'+,t/<u)  molecule  is  formed,  however  mostly  in  a  lower  (Au  =  u-i/>o) 
or,  sometimes,  equal  (Au  =  u-u'  =  o)  vibrational  state  [1,5,17],  by  the  subsequent  (N2(B3/7g,  v")  ->•  N2(7\3£„ ,  o')  +  hv}  (first 
pbs)  emission,  since  a  higher  vibrational  quantum  number  o'  for  N2(A3Z„ ,  o')  than  that  for  N2(B377g,u")  is  required  for  the 
N2(A3£+,  o')  vibronic  state  to  closely  match  a  N2(B377g,u")  vibronic  state  in  energy  for  efficient  collisional  conversion  [4-6], 
The  N2(A3X+,  o'  =  1)  electronic  state  is  lower  in  energy  than  the  N2(B3i7g,u"  =  0)  electronic  state  [1,5]  by  a  little  more  than 
1  eV  (8065.5  cm1),  while  the  electronic  excitation  energy  of  the  metastable  02(a1Ag,u  =  o)  state  is  almost  leV: 
0.979 eV  =  7894 cm1.  The  vibronic  state  N2(A3X+,t>"  =  7)  is  slightly  lower  (by  ~105cm  ')  in  energy  than  the 
N2(B3I7g,u'  =  0)  state,  so  that  both  can  be  considered  to  be  isoenergetic  with  each  other.  The  next  almost  isoenergetic 
states  [1,5]  are  N2(B377g,u'  =  2)  and  N2(A3Z+,  o"  =  10)  by  135  cm-1,  N2(B3/7g,u'  =  4)  and  N2(/\3Z+, if  =  13)  by  223  cm-1,  and 
N2(B3IJg,o'  =  6)  and  N2(A3X+,  u"  =  16)  by  142  cm-1,  shown  in  Fig.  9. 

A  predominant  source  of  Nj(B3Ii+)  excitation  [77,78]  in  the  nitrogen  pink  afterglow  (as  well  as  in  a  nitrogen  discharge 
plasma  because  of  a  very  much  lower  N2(B2i;J)  excitation  rate  by  electron  impact  on  N2(X2Xg)  and  N2(X'Zg))  has  been 
considered  to  be  the  ion-molecule  collisions  of  electronic  ground  state  N2  ions  with  vibrationally  excited  N2,  according  to 
the  chemical  equation 

N+(X2Z+)  +  N2(X' 2J, 0>  1 1)  -►  N+(B2X+)  +  N2(X'  Z+  o' < o).  (6) 

A  cross  section  of  ~10  l6cm2  was  derived  [78]  for  the  excitation  of  Nj(B2Z+)  in  a  nitrogen  pink  afterglow,  in  accordance 
with  the  chemical  equation  in  Eq.  (6).  Generation  of  N2  (X2Xg)  in  the  postdischarge  region  of  a  nitrogen  discharge  was 
suggested  [77]  to  occur  via  the  energy  pooling  chemical  reactions  of  the  metastable  species  N2(a'1Z„)  (N2(c'1£jJ)  was 
misprinted  as  N2(q'  £~)  in  Ref.  [14]): 

N2(a,1Xu)  +  N2(a'  lZ-)  -y  Nj(X2X+)  +  N2(X3X+)  +  e,  (7) 

or,  via  the  mixed  metastable-metastable  chemical  reaction 

N2(A3X+)  +  N2(a' '!-)  -y  N+(X2X+)  +  N2(X'Z+)  +  e.  (8) 

However,  the  mechanism  of  enhancement  of  the  N2  first  nbs  0-0  band  emission  intensity  in  the  afterglow  of  active 
nitrogen  and  oxygen  is  independent  of  the  mechanism  of  enhancement  of  the  N2  second  pbs  emissions  intensity,  since 
enhanced  background  afterglow  N2  second  pbs  emissions  intensity  occur  independently  of  the  enhanced  background 
afterglow  N2  first  nbs  0-0  band  emission  intensity.  More  experiments  are  required,  in  order  that  they  may  shed  light  on  the 
mechanism  of  the  aforesaid  enhanced  afterglow  N2  first  nbs  emissions  intensity. 

If  all  of  the  N2(A3X„)  molecules  are  excited  via  the  chemical  reaction  in  Eq.  (3),  then  the  possible  maximum  ratio  of 
enhanced  vs.  unenhanced  intensities  (/ -h /0)  of  background  afterglow  N2(C3i7u)-fN2(B3i7g)+/rv  (N2  second  pbs)  emissions 
would  be  equal  to  the  ratio  of  the  rate  constants  for  the  N2(A3X„)  energy  pooling  chemical  reaction  in  Eq.  (1)  with  and 
without  the  extra  N2(A3X+)  excitation  energy  transferred  from  02(a1/lg),  respectively.  Indeed,  the  expression  for  the  rate  of 
production  of  N2(C377U)  (at  constant  reactor  volume)  via  the  elementary  energy  pooling  chemical  reaction  in  Eq.  (1),  is 

(— l/2)d[N2(A3Xu)]/dt  =  d[N2(C3  nu)]/dt  =  fc,  [N2(/\3X+)]2,  (9) 

and  the  equation  for  the  rate  of  the  N2(C3/7u,i/)->N2(B3f7g,i/')+hv  vibronic  emission,  that  is  the  vibronic  emission  intensity 
(radiance),  f0,  is 

/o=7W[N2(C3i7u,u')],  (10) 

where  ki  is  the  reaction  rate  constant  for  the  elementary  energy  pooling  chemical  reaction  in  Eq.  (9),  and  the  Einstein 
spontaneous  emission  coefficient  for  the  N2(C377u,u'-»B377g,u")  vibronic  transition  in  Eq.  (10).  However,  in  view  of  the  very 
short  lifetime  [1,85]  of  the  N2(C3J7u,u')  states,  the  rate  of  N2(C3J7u,d')  production  equals  the  rate  of  N2(C3/7u,i/)  emission. 
Therefore,  by  equating  the  rate  of  N2(C3/7u,i/)  production  with  the  rate  of  N2(C3/7u,i/)  destruction  by  emission,  it  is 
obtained: 

I0  =  d[N2(C3 17u)]/dt  =  kt  [N2(A3XJ)]2.  (11) 

The  above  equation  holds  for  the  case  of  the  unenhanced  intensity  (f0)  of  background  afterglow  N2(C3J7u)->N2(B3J7g)+hv 
emissions.  A  similar  equation  holds  for  the  case  of  the  enhanced  intensity  (!)  of  background  afterglow  N2  second  pbs 
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emissions,  if  I0  and  k-i  are  replaced  by  I  and  k{,  respectively.  Consequently 

1/10  =  KJ/k,.  (12) 

where  k\  is  the  rate  constant  for  the  N2(A3X+, u)  energy  pooling  chemical  reaction  in  Eq.  (9)  with  the  extra  N2(A3£„,o) 
excitation  energy  transferred  from  02(a1dg).  Nevertheless,  the  above  possible  maximum  ratio  of  intensities  only  holds 
under  the  implicit  assumption  that  the  same  number  of  N2(A3X„)  molecules  react  via  the  energy  pooling  chemical  reaction 
in  Eq.  (9)  with  and  without  the  extra  N2(A3£+)  excitation  energy  transferred  from  02(a'Ag),  respectively. 

Therefore,  if  for  some  reason  a  number  of  N2(A3X+,  v)  molecules  {with  the  extra  N2(A3X+,  v)  excitation  energy 
transferred  from  02(oc1Jg)},  that  is  different  from  the  number  of  N2(A3Z+)  molecules  {without  the  extra  excitation  energy 
transferred  from  02(a}Ag))},  react  via  the  energy  pooling  chemical  reaction  in  Eq.  (9),  then  the  possible  maximum  ratio  of 
enhanced  vs.  unenhanced  intensities  (l— l o)  of  background  afterglow  N2(C3i7u)->N2(B3i7g)+hv  emissions  would  not  be  equal 
to  the  ratio  of  the  rate  constants  for  the  N2(A3rJ)  energy  pooling  chemical  reaction  in  Eq.  (9)  with  and  without  the  extra 
N2(A3Z„)  excitation  energy  transferred  from  02(a  1Ag),  respectively. 

An  estimate  of  kvA  was  deduced  [13,15]  from  unpublished  [39,86],  and  (—30-year  old)  published  data  on  the 
experimentally  observed  decrease  in  the  concentration  of  02(a12ig)  following  attempts,  cited  in  Refs.  [13,15,48,52-54,86],  to 
determine  the  rate  constant  for  the  reaction  {02(a1Ag)+N}  in  a  nitrogen  afterglow  of  active  nitrogen  and  oxygen  mixtures  in 
a  flow  reactor.  In  this  work  a  new  additional  estimate  is  also  obtained  from  published  data  over  the  last  ~35  years  on  the 
experimentally  observed  decrease  in  the  concentration  of  N2(A3Z+,  o)  investigated  to  determine  the  rate  constant  for  the 
reactions  [16, 16a, 21, 73, 87-93]  {N2(A3Zu ,  u)  +  0(3P)}  in  active  nitrogen  and  oxygen  mixtures  also  in  a  flow  (usually 
cylindrical)  reactor.  An  estimation  of  the  chemical  reaction  rate  constant  k ^  is  shown  in  Appendix  A. 

5.  Further  discussion  and  conclusions 

It  is  established  from  the  N2(A3r„)  pooling  reactions  and  from  corresponding  isotopic  nitrogen  studies  [4,17,68]  that 
N2(A3Z+)  acts  as  an  energy  acceptor  from  N2(A3Z„)  and  N2(X]  ,  o),  in  addition  to  being  also  an  energy  donor  towards 

N2(A3Z+)  and  N2(X1Hg ,  u),  and  especially  to  other  species,  as  is  well-known  from  many  studies  to  that  effect,  particularly 
for  chemical  laser  excitation  [18,24,31  ],  in  the  last  —40  years.  However,  it  is  for  the  first  time  in  the  observed  enhancement 
of  N2,  background  (first  and)  second  pbs  emissions  intensities  [12-15]  that  N2(A3Z+)  is  shown  to  act  as  an  energy  acceptor 
[13]  from  an  electronically  excited  non-nitrogen  species,  02,  most  probably  02(a1dg).  This  suggested  [13]  new  property  of 
N2(A3Z+)  has  a  number  of  important  ramifications  in  various  areas  of  basic  and  applied  research:  e.g.,  in  chemical  kinetics 
and  dynamics,  in  simulation  modeling  of  electrical  discharges  and  plasma  emissions  on  the  ground,  and  of  O('S)  and  triplet 
N2  atmospheric  and  space  radiation  emissions  in  natural  phenomena  [8,9,21,94-98],  like  airglows  (day-  and  night-glow), 
auroras,  even  the  recently  (as  of  1989)  discovered  various  atmospheric  transient  luminous  events  (e.g.,  of  elves,  jets  and 
sprites)  in  the  upper  atmosphere  [8,9,21,94-96],  In  addition,  the  phenomenon  of  enhancement  of  Nj  and  N2  background 
afterglow  emission  intensities  should  also  be  taken  into  account  in  (upper)  atmospheric  emissions  simulation  models  (e.g., 
for  airglow,  low-altitude  auroral  N2  first  and  second  pbs  emissions,  as  well  as  for  O('S)  upper  atmospheric  emissions 
[97,98]  and  for  the  recently  discovered  various  atmospheric  transient  luminous  events)  [8,9,21,94-98],  or  anywhere  such 
N2(A3Z„)  interactions  with  species  in  fi-w  discharged  oxygen  matter.  Approximately  80  years  ago,  the  Scottish  physicist 
C.T.R.  Wilson  (the  Nobel  laureate  for  the  invention  of  the  cloud  chamber)  predicted  the  appearance  of  flashes  of  light  of 
very  short  duration  high  above  large  thunderstorms  [99],  In  point  of  fact,  as  of  1989  various  reddish  and  bluish  flashes  of 
light  lasting  approximately  one  ms  to  about  one  thousand  ms  and  of  various  shapes  have  been  discovered  [8,9,21,94-96] 
extending  between  ~30  and  ~90  km  in  altitude,  and  up  to  many  tens  of  km  in  latitude  and  longitude.  Their  spectra  show 
N2  first  and  second  pbs  emissions,  and  N2  first  nbs  emissions  [8,9,21,94-96], 

The  present  findings  about  the  role  of  02  in  the  enhancement  of  N2  background  second  pbs  emissions  are  also  contrary 
to  the  mechanism  of  0(3P)  assisted  N  atom  recombination  reported  [100]  in  earlier  work  [10-13],  in  order  to  interpret  the 
enhancement  of  N2  background  afterglow  first  pbs  emissions  in  active  nitrogen  and  active  oxygen  gas  mixtures.  In  the 
study  of  the  chemical  reaction  [14,73],  {N2(A3X+,t>  =  0-3)  +  0(3P)},  with  exciting  laser  radiation  from  a  tunable  dye  laser 
for  the  determination  of  the  {N2(A3Xj,ti  =  0-3)  concentration,  a  background  emission  was  observed  [73]  that  was 
presumed  to  originate  from  singlet  02  excited  in  the  02  /<-w  discharge.  However,  experimental  results  also  from  the  present 
investigation,  in  addition  to  those  reported  previously  [10-14,100],  show  the  appearance  of  enhanced  N2  first  pbs  bands, 
but  no  02  bands  (presumed  in  Ref.  [73]  to  occur),  in  low  and  high  pressure  emission  spectra  from  this  system.  Speculative 
estimates  of  possible  error  up  to  30%  from  the  interaction  of  N2(A3£j)  with  02(a1dg)  in  some  cases  were  reported 
[24,73,91,92]  for  the  rate  constants  determined  for  the  chemical  reactions  {N2(A3£+,  u)  +  0(3P)}.  However,  that  interaction 
between  N2(/\3X+)  and  O2(ot1dg)  was  meant  to  lead  to  actual  quenching  of  N2(A3Z+),  as  in  the  chemical  reaction  between 
N2(A3Z+)  and  02.  In  contrast  to  that  assumption,  in  the  present  and  in  the  previous  works  [10-15]  on  the  enhancements  of 
N2  background  afterglow  first  and  second  pbs  emissions,  the  available  experimental  evidence  suggests  that  N2(A3Z£)  is 
excited,  or  converted  to  a  more  excited  state,  by  energy  transferred  from  02(a1dg),  as  indicated  in  Fig.  9.  In  contrast  to  the 
report  of  no  0(3P)  atom  production,  within  experimental  error,  in  the  interaction  [48,53,54]  of  02(a1dg)  with  N  atoms  from 
discharged  N2,  0(3P)  atom  production  was  reported  for  02  reacting  with  N2(A3Z+)  (generated  by  reacting  N2  with 
metastable  argon  [19,24,73,87-89,101,102],  Ar(3P0i2)),  which  however  is  also  present  in  discharged  N2.  This,  if  further 
confirmed,  indicates  different  behavior  between  N2(A3X„)  and  02(a1dg),  in  contrast  to  that  between  N2(A3Z„)  and 
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02(X3Xg),  perhaps  as  a  result  of  non-reactive  collisional  energy  transfer  between  them  as,  possibly,  the  N2  first  and  second 
pbs  emissions  intensities  enhancement. 

Earlier  works  [91,92]  on  the  {N2(A3X+,  u)  +  0(3P)}  chemical  reactions  report  too  small  a  [02(a1dg)]  to  be  measured  [92], 
whereas  a  subsequent  work  [73]  on  the  aforementioned  chemical  reactions,  under  the  same  [0(3P)]  range  of  up  to 
4  x  1012  atoms  cm-3  and  about  the  same  N2  pressure  (within  8%),  published  in  the  same  journal  reports  that  the 
background  emission  was  too  large,  presumably  in  the  red  singlet  02  emissions,  thus  indicating  a  rather  high  [02(a1dg)]. 
However,  in  such  a  case,  this  difference  in  interpretation  would  appear  to  lend  further  support  to  the  occurrence  of  the 
aforementioned  energy  transfer  between  02(a1Ag)  and  N2(A3  £;[■),  as  evidenced  by  the  enhancement  of  N2  first  and  second 
pbs  emissions.  In  any  event,  previous  evidence  and  this  reinterpretation  of  previous  data  on  the  {02(a1dg)  +  N}  and 
{N2(A3Z+  v)  +  0(3P)}  reactions  lead  to  an  approximate  estimate:  kyA  is  at  least  on  the  order  of  10  10  molecule-1  cm3  s  \  if 
not  gas  kinetic  or  even  larger.  It  should  be  evident  that,  especially  since  [0(3P)]  is  reported  to  be  larger  than  [02(a1Ag)],  kB 
must  be  smaller  than  kyA,  or  else  [N2(A3£„,d)]  would  decline,  thus  causing  obstruction  of  the  N2  first  and  second  pbs 
emissions  enhancement. 

It  should  be  noted  that  the  homogeneous  intermolecular  collisional  energy  transfer  from  02(a’/lg)  to  N2(A3X+,  o)  acts  to 
deplete  low  u  N2(A3Z+)  state  populations,  in  favor  of  those  of  higher  u  N2(A3X+,  o)  states  which  will  generate  enhanced 
N2(B3f7g,u")  and  N2(C377g,i/)  states  populations.  Thus,  it  is  expected  to  have  affected  the  value  reported  for  the  ratio 
determined  of  the  concentrations  0(1S)/[N2(A3X„ ,  v  =  0)]  and,  therefore,  the  efficiency  reported  [92,93]  (and,  consequently, 
the  0(1S)  product  formation  yield)  of  the  O  atom  excitation  reaction 

N2(A32;+,  d)  +  0(3P)  N2(X'Z+,  o')  +  O('S).  (13) 

Therefore,  all  of  the  0(3S)  emission  simulation  models  (for  auroras  etc.)  which  make  use  of  the  O('S)  product  formation 
yield  of  the  chemical  reactions  in  Eq.  (13)  need  reassessment.  Incidentally,  the  following  factor  in  the  aforesaid  steady  state 
expression  for  the  ratio  0(1S)/[N2(A3Z'+,ti  =  0)]  (Eq.  (10)  in  [92])  is  erroneous.  It  reads:  exp{-A/cl[02]+A/c2[0])t},  instead  of 
correctly  reading:  exp{-(Ak1[0]+Ak2[02])t}  [14],  In  order  to  explain  the  observed  01  green  line  emissions,  {O('S)-* 
0(1D)+hv},  at  557.7  nm,  in  the  upper  atmospheric  dayglow  and  nightglow  (as  well  as  in  low  and  high  altitude  auroras), 
various  theoretical  models  have  taken  into  account  all  their  well  known  sources  (as  well  as  the  latest  atmospheric 
parameters,  such  as  collision  cross  sections,  reaction  rate  constants  and  quantum  yields).  However,  despite  various 
readjustments  by  aeronomists  of  the  value  of  the  0(3S)  product  formation  yield  and  of  the  laboratory  values  of  the  rate 
constants  for  the  chemical  reactions  in  Eq.  (13)  during  the  last  -25  years,  these  models  are  still  unable  to  completely 
explain  the  experimental  measurements  [97,98],  Thus,  before  reasonable  certainty  can  be  attained  in  the  correctness  of 
interpretations  of  upper  atmospheric  0(3S)  excitation  [97,98]  that  leads  to  the  01  green  line  emission,  it  will  be  necessary  to 
have  unchallengeable  measurements  of  the  0(3S)  product  formation  yield,  as  well  as  of  the  chemical  reaction  rate 
constants  for  the  energy  transfer  reactions  in  Eq.  (13). 

In  addition,  the  fact  that  the  abovementioned  collisional  energy  transfer  between  02(a’Ag)  and  N2(A3X+,u)  was  not 
taken  into  account  in  the  determination  of  the  branching  fraction  for  NO(X2/7r)  product  formation  [in  Eq.  (1 )  in  Ref.  [102], 
(where  all  of  the  N2(A3ZJ,l>)  depletion  chemical  reactions  are  supposed  to  be  included)]  in  the  study  of  the  chemical 
reactions 

N2(A3X+,  d)  +  0(3P)  ->  NO(X277r)  +  N(4S ,2D)  (14) 

is  also  expected  to  have  affected  the  reported  values  for  the  branching  fraction  for  NO(X277r)  product  formation  [102]  in  the 
study  of  the  chemical  reactions  in  Eq.  (14)  and,  consequently,  the  reported  corresponding  NO(X277r)  product  formation 
yield  of  the  aforesaid  chemical  reactions  in  Eq.  (14).  The  effect  on  the  reported  NO(X2/7r)  product  formation  yields  is 
expected  to  result  both,  from  the  non-consideration  [in  Eq.  (1)  in  Ref.  [102]  of  low  o  N2(A3£+,d)  apparent  depletion, 
because  of  the  aforesaid  chemical  reactions  {02(a1dg  +  N2(A3X+,  u)},  and  from  the  accuracy  of  the  determined  values  of  the 
vibrational  level  specific  bimolecular  chemical  reaction  rate  constants  for  the  chemical  reactions  in  Eq.  (13)  (used  in  Eq.  (1) 
in  Ref.  [102]),  which  are  expected  to  have  been  affected  [13], as  mentioned  above  because  of  the  energy  transfer  between 
02(a1Ag)  and  N2(A3X+,o). 

Similarly,  the  aforementioned  energy  transfer  in  active  nitrogen  and  oxygen  [especially  between  02(«1dg)  and 
N2(A3£j)]  is  expected  to  affect  observable  (low  u)  N2  Vegard-Kaplan,  and  first  and  second  pbs  emissions,  as  well  as  N2  first 
nbs  emissions  in  airglows  [103],  in  auroras  [22]  and  in  the  recently  discovered  transient  luminous  events  (e.g.,  elves, 
sprites,  jets.  The  frequency  of  appearance  of  these  transient  luminous  events  may  affect  production  of  NO(x)  in  the 
stratosphere,  mesosphere  and  lower  ionosphere.  The  production  of  NO(x)  because  of  the  high-altitude  discharges  which 
bring  about  the  aforesaid  transient  luminous  events  may  thus  have  an  impact  on  the  chemistry  of  these  atmospheric 
regions)  [8,9,21,95,96],  E.g.,  because  of  increased  energies  of  the  primary  exciting  electrons  auroral  arcs  can  extend  to  lower 
altitudes  in  the  atmosphere.  There,  molecular  collisions  with  frequency  sufficient  for  significant  population  redistribution 
may  also  occur.  Therefore,  there  can  be  additional  redistribution  of  the  initial  N2(A3Xj),  N2(B3/7g,  u),  and  N2(C3 J7g,  o') 
excitation  by  the  exciting  electrons  —  and  by  cascading  into  the  N2(A3X+)  state  from  various  N2  triplet  band  systems  states 
—  caused  by  this  homogeneous  intermolecular  collisional  energy  transfer  from  02(a1Ag)  that  increases  the  energy  input  to 
various  N2  triplet  band  systems  states.  This  potential  additional  redistribution  may  even  result  in  an  observable  change  in 
the  emitted  radiation  from  low-altitude  auroras  below  the  critical  altitude  of  —100  km  for  molecular  collisional  energy 
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transfer  to  occur.  Of  course,  this  additional  redistribution  may  not  be  easily  distinguished  from  the  redistribution  caused  by 
ground  state  molecules  [5,22],  like  N2  and  02,  in  the  low-altitude  aurora,  unless  it  is  combined  with  other  observations. 

The  homogeneous  collisional  intersystem  energy  transfer  into  N2(C377g,u)  and  N2(B377g,i/)  induced  by  excited  02,  as 
evidenced  by  enhancement  of  N2  first  and  second  pbs  emissions  in  a  broad  range  of  total  pressure  and  N2/02  ratios  in  this 
and  in  previous  works  [10,12-15],  remained  unnoticed  until  recently  [8]  (vide  below).  It  is  expected,  due  to  arguments  in 
this  and  in  previous  works  [10-15],  to  have  affected  several  investigations  [16, 16a, 21, 22, 24, 32-37, 53, 54, 73, 87-92, 97, 
98,100,102-104]  adversely,  and  should  be  taken  into  account  in  all  pertinent  applications.  N2(A3X„)  appears  to  remain 
[12-15]  the  most  likely  N£  species  to  be  involved  in  the  reported  enhancement  of  N2  background  afterglow  first  and  second 
pbs  emissions,  contrary  to  earlier  suggestions  [37,88],  Collisional  vibrational  redistribution  [5,22]  of  the  triplet  states 
N2(A32;+),  N2(B3/7g)  and  N2(C377U)  both  by  ground  state  molecules,  as  well  as  by  02(a'Ag),  should  be  taken  into  account  in 
simulation  models  [8a, 21, 22, 97, 98, 103, 105]  of  pertinent  excited  molecular  nitrogen  emissions.  Recently,  the  {N2(A3.£+)  + 
O 2(a1dg)  N2(B377g)  +  02}  chemical  reaction  was  considered  [8]  and  applied  [8b]  in  a  simulation  model  for  a  sprite 

streamer  (vide  below). 

The  long  expectation  (since  the  1960s)  of  chemical  lasing,  by  energy  transferred  from  N2(A321J)  to  atoms  or  molecules 
(or,  radicals),  especially  to  produce  a  visible  chemical  laser,  has  not  yet  been  fulfilled  [106,107],  A  short-wavelength  (e.g.,  in 
the  visible-UV  range)  chemical  laser  has  been  continually  sought  over  the  past  —40  years  for  nuclear  fusion  and  other 
studies[19,24,87,106,107],  mainly  because  of  the  most  efficient  conversion  of  chemical  energy  to  laser  energy  and, 
additionally,  because  the  lower  the  wavelength,  the  higher  the  absorption  of  radiation  by  materials.  The  phenomenon  of 
the  enhancement  of  N2  background  afterglow  first  and  second  pbs  emissions  may  probably  play  an  important  role  in  the 
excitation  of  a  laser  that  could  be  developed  into  a  chemical  laser. 

In  addition,  the  fact  that  the  same  estimate  of  a  minimum  value  of  k^,,  being  on  the  order  of  —1x10  10 
molecule-1  cm3  s  \  is  obtained  in  the  Appendix  by  employing  the  pseudo  first-order  approximation  for  the  second  order 
chemical  reaction  in  Eq.  13,  however  in  two  different  ways,  gives  further  validity  to  the  previous  and  to  the  present  k.,A 
estimates  and,  consequently,  renders  the  probability  of  a  fortuitous  agreement  even  more  remote.  The  two  different  ways 
result  by  considering  both:  (i),  N2(A3llu)  to  be  at  a  steady  state  (that  is,  its  concentration  is  practically  constant)  in  the 
studies  of  the  02(a12fg)  depletion,  and  (ii),  02(a1/lg)  to  be  in  great  excess  (consequently  its  concentration  is  practically 
constant)  in  the  studies  of  the  N2(A3i;+)  depletion. 

Following  the  constructive  recommendations  on  this  paper  by  an  anonymous  reviewer  for  this  journal,  the  next 
comments  were  added  regarding  the  first  simulation  model  in  which  the  {N2(A3H^)  +  02(a12lg) ->•  N2(B377g)  +  02} 
chemical  reaction  was  considered  in  the  treatment  of  the  N2  first  pbs  emissions  from  a  sprite  in  a  very  recent  publication  by 
Sentman  et  al.  [8b, 8c].  The  results  of  their  work  [8b, 8c]  show  that  the  {N2(a' 1 Z“)  +  N2  -s-  N2(B377g)  +  N2}  chemical  reaction 
appears  to  be  the  preponderant  chemical  reaction  that  produces  N2(B3J7g)  during  the  afterglow  stage  in  the  preliminary 
simulation  model  for  a  sprite  streamer  adopted  by  Sentman  et  al.  [8b, 8c],  whereas  the  (N2(A1Z'+)  +  02(a1/dg)  -► 
N2(B3J7g)  +  02}  chemical  reaction  appears  to  play  a  minor  role.  Nevertheless,  the  {N2(a'  +  N2}  quenching  reaction  rate 

constant  value  for  N2(B377g)  formation  that  was  employed  (shown  in  Table  Al  in  the  references  by  Sentman  et  al.  [8b, 108]) 
in  the  simulation  model  is  a  value  that  was  implicitly  assumed  also  in  various  papers  on  simulation  studies.  This  value  is 
not  supported  [67]  by  the  conclusions  in  existing  pertinent  experimental  publications,  as  reported  in  a  recent  report  [109] 
on  the  paper  by  Sentman  et  al.  [8b],  In  addition,  it  is  also  shown  in  reference  [109]  that  there  are  additional  competing 
chemical  reactions  forming  N2(B3J7g)  which  should  be  taken  into  account,  some  of  which  were  not  utilized  in  the 
simulation  model  adopted  by  Sentman  et  al.  [8b],  So,  the  conclusions  in  Ref.  [8b]  regarding  the  role  of  chemical  reactions 
leading  to  N2(B377g)  formation  during  the  afterglow  stage  in  the  simulation  of  a  sprite  streamer  may  very  well  not  be 
definitive  [109]. 
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Appendix  A 

Estimation  of  a  chemical  reaction  rate  constant  for  the  02(a1zlg)  depletion  via  the  chemical  reactions: 

02(a1  Ag)  +  N2(A3X+,  o")  ->  Products  [N2(A32'+,  v  >  (/'),  N2(B377g,  o'),  02(X3E~,  o'")].  (A.1 ) 

The  equation  to  be  used  [13,15,48,61,73,91,92],  in  order  to  obtain  the  rate  constant  kaA,  may  be  derived  from  the 
integrated  rate  equation  for  a  first  order  (e.g.,  a  unimolecular)  chemical  reaction  that  is  also  valid  for  a  bimolecular  reaction 
that  is  treated  as  a  pseudo-first  order  reaction,  when  the  concentration  Q  of  one  of  the  two  reactants  involved 
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remains  constant: 

C  =  C0e~kQt,  or  (A.2) 

ln(C/C„)  =  -kQt.  (A.3) 

In  a  flow  system  of  mean  flow  velocity  u  and  reaction  (contact)  time  t  =  z/u  after  the  mixing  of  the  two  reactants,  where  z 
is  the  reaction  distance  from  the  mixing  region  of  the  reactants,  the  above  equation  is  transformed,  by  substituting  z/u  for  t, 
to:  u  ln(C„/C)  =  kQz,  where  k  =  kyA,  C  represents  the  varying  concentration  of  a  reactant,  and  CD  is  C  at  t  =  0,  i.e.  the  initial 
reactant  concentration.  This  equation  gives  k  directly: 

k  =  u  In(C0/C)/Qz.  (A.4) 

However,  in  order  to  minimize  the  error,  k  is  usually  determined  from  the  slope  of  the  curve  (actually  of  a  “least  squares” 
straight  line)  of  the  data  plotted  in  two  ways  in  accordance  with  the  experimental  procedure  followed:  C  is  varied  either  as 
a  function  of  Q.  at  a  constant  reaction  distance  (i.e.  the  observation  point  along  the  flow  reactor  remains  constant),  thus  k  is 
obtained  from 

k=ud  ln(C0/0/zdQ.,  (A.5) 

or,  as  a  function  of  the  reaction  distance  at  constant  Q,  thus  this  time  k  is  obtained  from 

k  =  ud  ln(C„/C)/Q.dz.  (A.6) 

Substitution  into  these  equations  can  lead  to  estimates  of  kvA.  Two  sets  of  experimental  data  will  be  next  employed  to 
determine  kyA  estimates: 

A.l.  Data  on  the  02(a'AJ  concentration,  [02(y.’  A J],  decrease 

Available  data  [39,86]  on  the  experimentally  observed  decrease  in  the  concentration  of  02(aiAg)  in  a  nitrogen  afterglow 
of  active  nitrogen  and  oxygen  mixtures  may  be  utilized  to  obtain  a  coarse  estimate  of  the  chemical  reaction  rate  constant 
for  the  collisional  electronic  energy  transfer  from  02(a1/lg)  to  N2(A3i;+,i>),  kyA.  Excited  02  species  in  the  metastable  first 
electronically  excited  state,  02(a  1Ag),  were  generated  by  p-w  discharging  02  in  the  presence  and  absence  of  O  atoms 
removed  either  by  a  Hg  film  [46b, 86],  or  by  a  HgO  band  [46a, 46b]  in  the  02  side-arm  of  the  flow  reactor,  just  after  the 
discharge.  The  decrease  in  the  02(al  Ag  ->  X3X“)  1.267  pm  emission  that  is  proportional  to  the  02(a'Ag)  concentration, 
[02(a'  Ag)\,  was  observed  [11,86]  in  a  nitrogen  afterglow  of  active  nitrogen  and  oxygen  mixtures,  downstream  of  the  p— w 
discharges,  normal  to  the  cylindrical  flow  reactor  along  the  reaction  distance  with  a  Ge  detector  and  a  narrow  band 
interference  filter.  Relative  and  absolute  [02(a1dg)]  values  were  determined  [86]  by  measuring  the  1.267  pm  emissions. 
Relative  [02(a1/lg)]  measurements  were  also  made  [39]  by  observing  the  red  dimol  oxygen  emissions. 

The  slope  of  the  plot  of  the  [02{ct'  Ag)]  logarithmic  decay  as  a  result  of  wall  and  gas  phase  physical  deactivation  vs.  z, 
with  the  nitrogen  discharge  off,  minus  the  slope  of  the  same  plot,  however  with  the  nitrogen  discharge  on,  is  proportional 
to  the  rate  constant,  k,  for  the  02(a'/lg)  quenching  by  species  generated  in  and  after  the  nitrogen  discharge: 

k  =  -ltd  ln[Con/Coff]/Qdz,  (A.7) 

where  Con.  CG ff  is  the  [02(a1  Ag)]  in  the  presence  and  absence  of  activated  nitrogen  species  at  constant  concentration  Q. 
which  quench  02(a1dg),  respectively.  If  it  is  assumed  that  the  02(y.'Ag)  signal  attenuation  is  brought  about  by  N  atoms, 
then  Q  equals  [N],  and  a  value  of  the  rate  constant  for  02(tx1Ag)  quenching  by  N  atoms,  k  =  ~ 2  x  10  15  molecule-1  cm3  s  \  is 
obtained  for  a  few  to  several  mbar  of  pressure  of  nitrogen  and  oxygen  mixtures  40%  to  60%  in  02  and  for  u  =  —80  to 
—200  cm  s-1.  Relative  [JV]  was  measured  photometrically,  being  proportional  to  the  square  root  of  the  N2(B3J7g,uhigh) 
emissions  intensity  [47],  Absolute  [N]  (—1  xlO13  to  4  x  1014  atoms  cm  3)  was  measured  by  titration  with  NO. 

However,  when  it  was  taken  into  account  [12,13]  that  02(a  1Ag)  appears  to  be  mostly,  if  not  exclusively,  quenched  by 
N2(A3£+),  and  very  little,  if  at  all,  by  N  atoms  (thus  leading  to  a  lower  quenching  rate  coefficient  for  N  atoms,  kN,  and  to  an 
even  less  rate  coefficient  for  the  more  numerous  N2(X3Xg)  molecules,  kN2,  as  discussed  under  Discussion,  since  for  the 
same  02(a  1Ag)  decay  it  is  obtained  kN[N]  =  kN2[N2(X12'4)],  as  it  was  shown  in  Ref.  [13]),  a  rough  estimate  of  the  chemical 
reaction  rate  constant  for  Q  =  [N2(A3Z4)],  kr/A,  was  obtained  from  published  data  on  experimentally  observed 
concentrations  of  N2(A3X+,  u)  in  a  flowing  nitrogen  afterglow  [13,15],  Indeed,  more  recent  data  from  various  pulsed,  dc 
and  p-w  discharges  in  flow  systems  of  pure  N2  and  of  mixtures  of  N2  and  02  report  [N2(A3£+,u)]  values  [16a, 101, 110],  A 
probable  estimate  of  [N2(A3Xj)]  is  —2  x  109  molecules  cm  3  from  Ref.  [101],  and  gives  kyA  —1  xlO  10  molecule  1  cm3  s  '. 
Additional  estimates  of  kyA  on  the  order  of  ~1  xlO  10 molecule  'cm3s  1  were  also  obtained  [13,15], 

A.2.  Data  on  the  N2(A3X4)  concentration,  [N2(A3£„)],  decrease 

A  new,  less  rough  estimation  of  kyA  may  also  be  made  from  published  data  on  the  experimentally  observed  decrease  in 
[N2(A3X+,  [;)]  that  was  investigated,  in  order  to  determine  the  chemical  reaction  rate  constant,  k„,  for  the  chemical  reactions 
[16, 16a, 24, 73, 87-93]  {N^A3!^,  u)  +  0(3P)}  studied  in  active  nitrogen  and  oxygen  mixtures  in  a  flow  reactor  using  the 
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flowing  afterglow  technique.  If  N2(A32iJ)  reacted  with  0(3P)  faster  than  with  02(a1dg)  (that  is,  if  k„  was  larger  than  kaA), 
then  depletion  by  0(3P)  could  inhibit  the  observed  enhancement  of  N2  background  afterglow  first  and  second  pbs 
emissions  intensities  because  of  the  aforesaid  proposed  N2(A32;+)  involvement  in  the  energy  transfer  that  leads  to  the 
abovementioned  N2  background  afterglow  first  and  second  pbs  emissions  intensities  enhancement.  Therefore,  k„  has  to  be 
smaller  than  kr,A,  or  else,  depletion  by  0(3P)  could  inhibit  the  observed  enhancement  of  N2  background  afterglow  first  and 
second  pbs  emissions  intensities.  The  latter  conclusion  leads  to  ascribing  most  of  the  N2(A3U+,  v)  quenching,  assigned  to 
the  chemical  reaction  {N2(A3^7^‘,  u)  -I-  0(3P)}  in  previous  works  [16, 16a, 24, 73, 87-93],  to  reaction  with  02{y'  Ag)  via  the 
chemical  equations  (2)  and  (5)  under  Discussion.  It  should  also  be  noted  that  similar  N2  first  and  second  pbs  emissions 
intensities  enhancements  are  observed  in  the  presence  and  absence  of  O  atoms,  thus  indicating  that  N2(A32J+ ,  t>)  quenching 
by  0  is  not  the  major  N2(A32,+,  v)  attenuation  process. 

02(a1dg)  concentrations  lower  than  that  of  0(3P)  were  reported  in  previous  works.  They  might  be  even  several  times 
lower  than  0(3P)  atom  concentrations:  e.g.,  a  range  of  20%  to  60%  was  reported  [73]  for  the  0(3P)/02  ratio,  whereas  the 
range  of  10%  to  20%  was  associated  [73]  with  the  02(a1dg)/02  ratio  ( <  10%  being  more  probable),  in  about  2  Torr  of  Ar  with 
~14mTorr  N2,  with  [02]  varying  up  to  -  14  x  1013  molecules  cm  3  and  [0(3P)]  varying  up  to  10  x  1012  atoms  cm  3. 
Application  of 

k  =  ud  ln(C0/Q/zdQ  =  -(u/z)  ln[Con/Coff]/Q,  (A.8) 

as  above,  since  C„  equals  Coffi  when  Q  equals  zero,  and  reinterpretation  of  the  data  in  Fig.  3  in  Ref.  [73],  so  that  C  equals 
[N2(A3i:+  u)]  and,  especially,  Q  equals  02(a'/lg),  lead  to  an  estimate  of  kyA  that  is  a  multiple  of  the  k0  value  reported  [73],  in 
accordance  with  Eq.  3-5  in  Ref.  [13]: 

k^A  =  u  d  In  ([N2(A3Zu+)]0/[N2(A3Zu+)])  /dz[02(a1  Ag)],  (A.9) 


k.A  =  {udln([N2(A3ru+)]o/[N2(A32;u+)])/dz[0(3P)]}  x  {[0(3P)]/[02(a'/1g)]},  (A.10) 


kaA  =  ko[0(3P)]/[02(a14g)].  (A.11) 

Indeed,  if  the  ratio  of  [0(3P)]/[02(oc1dg)]  is  5,  then  kriA  =  5k„.  In  Ref.  [73],  for  v  =  0,  k„  was  reported  to  be  equal  to 
3.5  x  10  11  molecule-1  cm3  s  \  then  kaA  =  5 ka,  or  kyA  =  1.8  x  10  10 molecule  1  cm3  s  '.  Similarly,  for  [73]  u  =  2,  a  k„  value  of 
5.4  x  10  11  was  reported,  thus  leading  to  a  kyA  value:  kyA  =  5 ka  =  2.7  x  10  10  molecule-1  cm3  s-1.  In  addition,  the  plot  of  the 
decay  rate  for  the  N2(A32T+,  u  =  0)  quenching  in  3  Torr  totally  of  Ar  with  -lOmTorr  N2,  —0.1  to  l.OmTorr  02,  and  0  to 
—0.22  mTorr  0(3P),  in  Fig.  3  of  Ref.  [90]  may  be  reinterpreted  to  give  an  estimate  of  kyA  based  on  an  estimate  of  the  ratio 
[0(3P)]/[02(ot1dg)].  However,  the  procedure  followed  of  passing  the  02  fi-w  discharge  effluents  through  the  N2  Tesla 
discharge  [90]  may  have  largely  affected  the  [02(a1dg)],  thus  introducing  an  additional  uncertainty  to  other  uncertainties, 
already  reported  [91  ],  also  affecting  [N2(A32Jj,  e  =  0, 1)].  However,  data  in  Ref.  [91  ]  regarding  the  N2(A3Z+)  attenuation  may 
be  used,  instead:  For  the  decrease  in  [N2(A3Z+,  o  =  0)]  at  1.3  Torr  Ar  with  (—0.2  Torr)  N2,  in  Ref.  [91  ],  [0(3P)]  is  equal  up  to 

4  x  1012  atoms  cm-3  and  [02]  is  equal  to  — 4x[0(3P)],  that  is  up  to  —1.6  x  1013  molecules  cm-3.  Then,  application  of  k  =  — (u/ 
z) ln[Con/Coff]/Q.  using  the  value  1000 cm s  1  for  uln[C0n/C0fF]  in  the  plot  of  the  N2(A3X„,o  =  0)  decay  as  a  function  of  the 
[0(3P)]  in  Fig.  2  of  Ref.  [91],  forz  =  35  cm  and  for  Q_=  [02{a'  Ag)\  instead  of  [0(3P)],  as  above,  with  the  flow  speed  correction 
factor  of  1.6  gives  [91  ]  an  approximate  value  of  kr,A\ 

kM  =  -1.6  x  ( 1 000) / {z[02 (a1  dg)]l 000)  =  ~45.7/[02(a14)]aooo;  (A.12) 

where  [02(a1zfg)]iooo  is  the  value  of  the  [02{a'  Ag)]  that  corresponds  to  1000  cm s-1  for  uln[C0n/C0ff],  which,  in  turn, 
corresponds  to  [0(3P)]  equal  to  —2.0  x  1012  atoms  cm-3,  as  deduced  from  the  plot  in  Fig.  2  of  Ref.  [91  ].  Therefore,  for  [0(3P)] 
equal  to  -2.0  x  1012  atoms  cm-3,  and  if  [0(3P)]/[02(a12lg)]  =  5,  then  [O^a'zy^ooo  =  -2.0  x  1012  molecules  cm-3/ 

5  =  -4.0  x  1011  molecules  cm-3.  Consequently,  an  approximate  value  of  kriA  is  obtained:  krjA  =  -45.7/4.X1011  =  -1.1  x  10-10 
molecules  cm-3  s-1. 

Nevertheless,  the  reported  chemical  reaction  rate  constant  value  [91  ]  for  the  chemical  reaction  {N2A3Uj,  u  =  0)  +  0(3P)}, 
ko  =  2.8  x  10-11  molecule-1  cm3  s-1,  and  a  subsequent  estimate  [92]  of  the  ratio  [0]/[02(a1dg)]  =  —3.4  associated  with  the 
obtained  aforesaid  k0  value,  under  the  same  conditions  of  flow  rate  and  pressure,  as  well  as  making  use  of  Eq.  (A.ll )  applied 
to  the  chemical  reaction  {N2(A32;+,  o  =  0)  +  0(3P)},  lead  to  an  estimate  of  kyA  =  -3.4  x  k0  =  3.4  x  (2.8  x  10-11  molecule-1 
cm3  s-1)  =  —0.9(2)  x  10-10  molecule-1  cm3  s-1 

It  should  be  noted  that  there  has  been  reported  [11,13,92]  that  the  concentrations  of  02(a1zlg)  and  0(3P)  are  proportional 
under  the  conditions  used  in  the  studies  of  the  chemical  reaction  between  N2(A3Z,„)  and  0(3P).  Therefore,  the  correlation 
reported  [16, 16a, 24, 73, 88-93, 102]  between  N2(A3i;+)  and  0(3P)  must  also  hold  between  N2(A3Z+)  and  02(a'/lg)  because 
[02(«1dg)]  is  proportional  to  [0(3P)]  under  the  experimental  conditions  employed. 

It  should  also  be  noted  that  the  above  numerical  replacement  of  the  entire  [0(3P)]  by  the  [02(a1dg)]  was  solely  done  for 
the  sake  of  numerical  simplification.  It  does  in  no  way  imply  that  the  {N2(A3U|J')  +  0(3P)}  chemical  reaction  does  not  occur 
as  a  side  reaction  along  with  the  {02(a1dg)  +  N2(A3.T„)}  chemical  reaction.  If  the  effect  of  the  (N2(A3X„)  +  0(3P)}  side 
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reaction  on  the  N2(/\3.T+ )  concentration  is  treated  as  an  effective  reduction  in  the  available  initial  N2fA3 concentration, 
i.e.  C0  that  equals  C0ff,  for  the  (02(a’  Ag)  +  N2(A3X„)}  chemical  reaction,  then  the  effective  reduction  in  C0ff  in  Eq.  (A.8)  in 
Appendix  A,  due  to  the  side  reaction  of  N2(/J3X+}  with  0(3P)}  leads  to  a  smaller  k,,A  estimate.  Therefore,  as  a  result  of  the 
decrease  in  C0ff  in  Eq.  (A.8),  the  higher  the  extent  of  the  course  of  the  {N2(A3r„)  +  0(3P)}  chemical  reaction,  the  lower  the 
rate  constant  value  for  the  {02(a1dg)  +  N2(/l3X+)}  chemical  reaction  for  a  given  amount  of  N2(A3Z^)  that  reacted  with 
oxygen  species  in  the  above  experiments.  However,  despite  the  possibility  of  a  decrease  in  the  values  of  the  k ^  estimates 
computed  because  of  the  {N2(A3r„)  +  0(3P)}  side  reaction,  it  is  a  fact  that  all  available  experimental  data  on  the 
{N2(A3X+)  +  0(3P))  chemical  reaction  treated  in  Appendix  A  using  Eqs.  (A.8)-(A.12)  lead  to  estimates  of  kyA  on  the  order  of 
~1  x  10  10  molecule-1  cm3  s  '.  This  is  just  the  order  of  magnitude  of  all  of  the  reasonable  estimates  (computed  above  and 
those  already  published)  of  kyA  based  on  the  reinterpretation  of  the  {O 2(a1dg)  +  N)  assumed  chemical  reaction.  Thus,  the 
two  different  conventional  chemical  kinetics  approximations  (that  for  a  steady  state  for  N2(A3X„),  as  well  as  that  for  excess 
of  02(a1/lg))  employed  lead  to  the  same  estimate  of  kyA,  something  that  renders  the  agreement  among  the  kyA  estimates  so 
far  determined  (in  this  work  and  in  published  works)  even  less  fortuitous. 
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